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Abstract 
To develop an in-process fuzzy control system for tube hydroforming, a new die-embedded sensing system was developed and 
fuzzy control was used to determine adaptively suitable loading path. T-shape tube hydroforming experiments were conducted 
to confirm the validity of die-embedded system and in-process fuzzy control system. As a result, the validity of the die-
embedded sensing system was confirmed. Besides, Evaluation functions were measured and the loading path was automatically 
determined in real-time. Furthermore, a T-shape tube was formed with a well wall thickness distribution. Consequently, it is 
confirmed that the developed in-process fuzzy control system is effective for T-shape tube hydroforming. 
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1. Introduction 
Tube hydroforming (THF) process of lightweight materials contributes to a remarkable weight reduction. The 
success of THF process strongly depends on loading path (internal pressure and axial feeding) adopted. However, it 
is traditionally determined by a “trial-and-error” approach or optimization design through finite element analysis 
(FEA) (Fann and Hsiao, 2003). Aydemir et al. (2005) have developed an adaptive simulation method to determine 
loading path in T-joint forming. Abedrabbo et al. (2009) have combined genetic algorithm with the nonlinear 
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structural finite element code LS-DYNA to optimize the loading path for the THF.  However in case of any 
changes in forming conditions and material conditions, the loading path must be determined anew reverting back to 
the first. Therefore, these approaches are inefficient and rely on experts’ experiences. In addition, even though FEA 
technology has been achieving a major progress in recent years, the simulated results of FEA are still different from 
a real deformation behaviour obtained in experiment. To solve these crucial issues, it is essential to implement the 
real-time control in THF process with continuous risk evaluating of both buckling and bursting.  
The objective of this study is to develop a newly sophisticated in-process fuzzy control system for THF. In this 
study, T-shape bulge forming of aluminium alloy tube is considered as a typical one in THF processes. A die-
embedded sensing system is newly developed for measuring the evaluation functions in real-time and fuzzy control 
is used to determine adaptively suitable loading path. The validity of the die-embedded sensing system and in-
process fuzzy control system are confirmed by T-shape THF experiments. The results suggest that this developed 
in-process fuzzy control system is effective for T-shape THF.  
2. In-process fuzzy control system 
2.1. T-shape THF model 
Fig. 1 shows the schematic of T-shape THF model. In this study, the material of tubular blank used is aluminum 
alloy A6063-T1. The material properties are listed in Table 1. The dimensions of tubular blank are that outer 
diameter D0= 42.7 mm, wall thickness t0=1.2 mm, and axial length L0=200 mm. The die shoulder radius R is 
10mm and the branch diameter is 42.7 mm. The control parameters are internal pressure, axial penetration and 
counter-punch displacement. In this study, internal pressure is independently increased to 30 MPa. Axial 
penetration and counter punch displacement are determined by in-process fuzzy control. The initial counter punch 
position ǻH0 is set to 10 mm, and the final counter punch position is set to 35 mm. 
 
 
Fig. 1. Schematic of T-shape THF model. 
 
Table 1. Material properties of tubular blank (A6063-T1). 
Yield stress (MPa) F-value (MPa) n-value r-value 
50 293 0.32 0.44 
2.2. Evaluation functions 
Fig. 2 shows the flow chart of in-process fuzzy control for T-shape THF.  The loading path for subsequent step 
is determined adaptively by the fuzzy inference. The hydroforming process is divided into two stages: bulging 
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stage, and protrusion stage. In the bulging stage, the control parameter is axial penetration. The evaluation function 
is as follows,   
refee  [ .  (1) 
It is adopted for evaluating the risk of buckling at the shoulder part of the branch. As shown in Fig. 3(a), e is the 
real-time measured distance between tube and die shoulder, and eref is the reference distance between tube and die 
shoulder.  
In the protrusion stage, the counter punch displacement is added as the control parameter. The evaluation 
function is as follows, 
refl CC  \ .  (2) 
It is adopted for evaluating the risk of excessive thinning at the branch top. As shown in Fig. 3(b), Cl denotes 
actual contact length at the interface between the counter punch and the branched tube. Cref denotes the reference 
contact length. The forming will not finish until the counter punch reaches the final counter punch position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Flow chart of in-process fuzzy control for T-shape THF. 
 
 
                                                                                       
Fig. 3.  Evaluation functions for T-shape THF:   (a) [ e-eref; (b) \=Cl-Cref . 
2.3. Fuzzy inference for control parameters 
For the evaluation of the risk of excessive thinning at the branch top, the input membership functions, the output 
membership functions, and the fuzzy rules are the same as those used in the previous research (Manabe et al. 2006). 
Meanwhile, for the evaluation of buckling at the shoulder part of the branch, the three elements of the fuzzy model 
shown in Fig. 4 and Table 2 are used in this study. 
(a) (b) 
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Fig. 4.  Fuzzy model for axial penetration control: (a) sets of input membership functions for evaluation function [; (b) a set of output 
membership function for axial penetration. 
 
Table 2. Fuzzy rule for 'APS. 
If ([[’) Then ('APS) 
[is small and[’ is small  'APS = 'APSSS 
[is small and[’ is large 'APS= 'APSSL 
[is large and[’ is small 'APS= 'APSLS 
[is large and[’ is large 'APS= 'APSLL 
2.4. Die-embedded sensing system 
To realize the in-process fuzzy control of THF in real-time, a newly sophisticated die-embedded sensing system 
for T-shape THF, as shown in Fig. 5, was developed. For the measurement of evaluation function [, a compact die-
embedded displacement sensor (Fig. 6a) was newly developed.  Its measuring range is 0 to 0.64mm and resolution 
is 1.2Pm. For the measurement of evaluation function \, a compact die-embedded contact sensor (Fig.6b) was 
newly developed. Its measuring range is 2 to 34mm and resolution is 4mm. With the real-time sensing data 
obtained from sensors, the control parameters can be automatically determined by in-process fuzzy control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Configuration of die-embedded sensing system. 
(b) (a) 
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Fig. 6.  Die-embedded sensors: (a) displacement sensor; (b) contact sensor.  
3. Results and discussion 
To confirm the validity of the die-embedded sensing system, T-shape THF experiments were carried out using 
the loading path in previous research (Manabe et al. 2006). To confirm the validity of the in-process fuzzy control 
system, the experimental work was also carried out. The lubricant used was a dry fluorocarbon (spray type) and 
was applied to the die and outer tube surface. 
3.1. Experimental validation of die-embedded sensing system 
Fig. 7 shows the distance measured by die-embedded displacement sensor in the whole forming. Since the tube 
didn’t contact with the die shoulder at first, the distance measured was equal to sensor’s max value. With the 
increasing of the internal pressure, the tube started contacting with the die shoulder, and consequently, the 
measured distance became smaller. Fig. 8 shows the real contact status and the contact length measured by contact 
sensor. It shows a well agreement between real contact status and measured values. From these results, the validity 
of the die-embedded sensing system was confirmed. It suggested that this die-embedded sensing system could be 
used for evaluating the risks of buckling and excessive thinning for T-shape THF. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  Distance measured by die-embedded displacement sensor.  Fig. 8.  Contact length measured by die-embedded contact sensor. 
3.2. Experimental validation of in-process fuzzy control system 
Fig. 9 shows the loading path that automatically determined by in-process fuzzy control. This loading path was 
fine adjusted according to the evaluation functions. Finally a T-shape tube was obtained. Fig. 10 shows the wall 
thickness distribution along branch side. A well wall thickness distribution was obtained. The minimum wall 
thickness ratio in the branch top is 0.91, and the maximum wall thickness ratio near the end of the tube is 1.69. 
From these results, the validity of the die-embedded sensing system is confirmed, and it suggested that the 
developed in-process fuzzy control system is effective for T-shape THF. 
(a) (b) 
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Fig. 9.  Loading path determined by in-process fuzzy control system. 
 
 
 
  
 
 
 
 
 
 
Fig. 10.  Wall thickness distribution along the branch side. 
4. Summary and outlook 
In this study, to develop an in-process fuzzy control system for THF, a die-embedded sensing system was newly 
developed for measuring the evaluation functions in real-time and fuzzy control was used to determine adaptively 
suitable loading path. T-shape THF experiments were conducted to confirm the validity of the die-embedded 
sensing system and in-process fuzzy control system. As a result, The validity of the die-embedded sensing system 
was confirmed. Evaluation functions were measured and the loading path was automatically determined in real-
time. Furthermore, a T-shape tube with well wall thickness distribution was obtained. Consequently, it is 
confirmed that  the  developed in-process fuzzy control system is effective for T-shape THF. We considered that 
this system can be easily applied even if material condition or shapes changed. We have discussed the in-process 
fuzzy control algorithm for Y-shape THF (Manabe et al. 2013), and we are planning to apply this in-process fuzzy 
control system to Y-shape THF. 
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